We have investigated the molecular-beam epitaxial growth and structural and photoluminescence characteristics of self-organized InAs/ GaAs quantum dot bilayers, in which a first seed layer of stressor dots is followed by a GaAs barrier layer and a second layer of active dots. At room temperature, the peak emission wavelength is at ϳ1.4 m. By optimizing the growth parameters for both dot layers and the GaAs barrier layer, we have measured photoluminescence linewidths of 10.6 and 17.5 meV at 20 and 300 K, respectively. The measurement and analysis of temperature-dependent photoluminescence data indicate that there is no observable carrier redistribution amongst the dots with an increase of temperature and there is a high degree of size uniformity. The photoluminescence linewidth of 17.5 meV at 300 K is almost identical to that measured in the emission from a single dot, indicating that the linewidth is determined by homogeneous broadening.
I. INTRODUCTION
Self-organized quantum dots, formed in the StranskiKrastanow growth mode during epitaxy of strained In͑Ga͒As/ GaAs heterostructures, are used as the active region of lasers, 1-3 amplifiers, 4-6 infrared detectors, [7] [8] [9] and in other device applications. [10] [11] [12] [13] [14] The size and shape of the coherently strained islands, which enable three-dimensional quantum confinement, depend on the heterostructures and the conditions for epitaxy. Island formation is kinetically controlled, based on arguments of minimization of crystal free energy by the growth front. There is therefore a distribution in the size of the islands in a given layer and also a randomness in their spatial ordering. The size distribution gives rise to an inhomogeneous broadening of optical transitions resulting from carrier recombination or generation.
Linewidths ͑full width at half maximum, FWHM͒ in the range of 30-60 meV are commonly measured in the photoluminescence spectra of In͑Ga͒As/ GaAs quantum dots. 15, 16 The gain of a laser is inversely proportional to the linewidth of the spontaneous emission spectrum. Similarly, the intersubband absorption coefficient, which becomes relevant in intersubband quantum dot infrared detectors, is also inversely proportional to the transition linewidth. Therefore, it is imperative that techniques to reduce the transition linewidths are explored. In this regard, considerable success has been reported recently. [17] [18] [19] [20] [21] [22] [23] In the present study, we have examined the growth of quantum dot heterostructures, with the objective of achieving uniformity in the dot size, and have made detailed temperature-dependent photoluminescence measurements of the quantum dot heterostructures. We measure a photoluminescence linewidth of the dot ensemble of 10.6 meV at 20 K, which is limited by inhomogeneous broadening, and a linewidth of 17.5 meV at 300 K, which is very close to the homogeneous linewidth for emission from a single quantum dot.
II. EPITAXIAL GROWTH OF InAs/ GaAs QUANTUM DOT BILAYERS
In the quest for achieving uniformity in the dot size and thereby reducing the broadening of the photoluminescence spectrum of an ensemble of quantum dots, techniques such as vertical coupling of dot layers [24] [25] [26] and the use of buried stressor dot layers [17] [18] [19] have been explored. These techniques of "strain patterning" rely on the fact that the strain field around the quantum dots in one layer alters the adatom migration rates of subsequent dot layers such that larger and more uniform dots are formed on these layers. However, complete elimination of the randomness of dot formation will probably be impossible since thermal diffusion effects will be present. The best results, in terms of dot uniformity, have been obtained with a quantum dot bilayer system, 17, 19 in which, the "stressor dots" in the first layer act as a template which influences the growth kinetics, formation, and characteristics of the second layer of "active dots." For the growth of In͑Ga͒As/ GaAs quantum dots, there is a tensile strain field in the GaAs barrier above the dots in the first layer, which influences adatom migration and induces a vertical coupling of the second layer of dots. By tuning the growth parameters used to form the first layer of stressor dots, which influence their size, shape, and density, and by carefully adjusting the thickness of the GaAs barrier layer in between, the size nonuniformity of the second layer of active dots can be minimized. For example, with a higher growth temperature and lower growth rate, it is expected that the stressor dots will be wider in lateral extent and will produce a wider strain field in the GaAs cap layer. The thickness of the latter also determines the tensile strain field that promotes vertical coupling of the active dots. regions in the barrier layer, in between the dots, should be minimized, so that the nucleation and formation of dots with random sizes in these regions are suppressed. The dot bilayer heterostructure is illustrated in Fig. 1͑a͒ .
The quantum dot heterostructures investigated in the present study consist of two layers of InAs/ GaAs quantum dots ͑QDs͒ separated by a 100-Å GaAs spacer layer, as shown in Fig. 1͑b͒ . These structures were grown on ͑001͒ n + -GaAs substrates in a Veeco Modular Gen II molecularbeam epitaxy ͑MBE͒ system with an As 2 overpressure of 8 ϫ 10 −6 Torr. Following the growth of a 0.5-m GaAs buffer layer at 600°C, the substrate temperature was lowered for the growth of the first ͑seed or stressor͒ InAs QD layer. This layer was grown at different temperature ͑500, 520, and 535°C͒ with different InAs growth rates ͑0.02, 0.015, and 0.01 monolayer ͑ML͒/s͒ for samples A, B, and C, respectively. After the deposition of 2.4 MLs of InAs, a 100-Å GaAs cap layer was grown. The substrate temperature was raised and the sample was annealed at 600°C for 10 min. This annealing procedure was found to be critical in removing surface undulations and defects induced in the GaAs cap by the first QD layer. 19 The substrate temperature was then lowered to 480°C and 3.1 MLs of InAs were deposited to form the second ͑or active͒ QD layer with the same growth rate as that for the first QD layer. The second QD layer was capped with 200-Å GaAs at the lower growth temperature before the substrate temperature was raised to 600°C again for the growth of an additional 0.1-m GaAs layer. The sample description and growth parameters are listed in Table I .
III. STRUCTURAL CHARACTERIZATION
We will first describe and discuss the structural characteristics of the stressor and active quantum dots in the different samples. Figures 2͑a͒-2͑c͒ show the surface atomic force microscopy ͑AFM͒ images of the stressor dot layers in samples A, B, and C, respectively. In these control samples, only the first layer of stressor dots was grown for the AFM measurements. Careful examination of the data reveals that with an increase of growth temperature and reduction of growth rate, the size and size uniformity of the dots increase and their density decreases. The average widths are approximately 22, 24.5, and 28 nm; average heights are 6.1, 7.0, and 8.0 nm; and average densities are 2.6ϫ 10 10 , 1.7ϫ 10 10 , and 1.0ϫ 10 10 cm −2 , for control samples of the stressor dot layers in samples A, B, and C, respectively. Figure 2͑d͒ shows the surface AFM image of the second layer of active dots of sample C. It is evident that the dots are large and very uniform, with an average height of 12.5 nm, width of 43 nm, and density of 1.0ϫ 10 10 cm −2 . With a higher growth temperature and lower growth rate, the larger stressor dots produce a larger strain field in the GaAs barrier layer. This promotes increased stress-directed In migration towards regions FIG. 1. ͑a͒ Schematic of a bilayer quantum dot heterostructure that shows perfect vertical coupling of the active ͑second͒ quantum dot layer due to the strain field generated by the stressor quantum dots. The dashed lines indicate the lateral extent of the tensile strain field in the GaAs barrier; ͑b͒ quantum dot heterostructure grown by molecular-beam epitaxy. above the stressor dots, resulting in larger, taller, and more uniform active dots. The dots in the second layer are larger than the dots in the first seed layer also because for the same amount of adatom charge, the two-dimensional ͑2D͒ to island growth mode transition occurs earlier due to the strain field above the seed dots. Figure 3 shows a bright-field transmission electron microscopy ͑TEM͒ image of sample C. The perfect vertical coupling of the dots in the two layers and the increase in the size of the dots in the second layer are evident.
IV. TEMPERATURE-DEPENDENT PHOTOLUMINESCENCE: RESULTS AND DISCUSSION
The photoluminescence properties of the QD heterostructures are next described. Photoluminescence was measured with a 1-m scanning spectrometer, an argon-ion ͑ϳ480 nm͒ excitation source, lock-in amplification, and detection with a liquid-nitrogen-cooled Ge detector. The samples were mounted on a cold finger in a variabletemperature closed-cycle liquid-He cryostat. The photoluminescence ͑PL͒ spectra measured at room temperature ͑300 K͒ and 20 K are shown in Figs. 4͑a͒ and 4͑b͒, respectively. It may be noted that the incident excitation intensities are 15 W / cm 2 and 1 mW/ cm 2 at 300 and 20 K, respectively. Several features in these spectra deserve attention. The two peaks, observed clearly in the room-temperature spectra of all the samples ͓Fig. 4͑a͔͒, arise from the transition involving the electron-hole ground state and the first excited states. The emission intensity is very strong at room temperature and it is noteworthy that the ground-state peak emission is at 1.4 m. With careful tailoring of the growth parameters and heterostructure, the emission can be moved to longer wavelengths. The excited-state transitions are not observed in the low-temperature spectra of Fig. 4͑b͒ since all the carriers are in the ground states and the excitation intensity is low. The peak intensities remain constant in all the three samples at room temperature, indicating a high degree of dot reproducibility in spite of the slightly altered growth conditions. It is observed that at both measurement temperatures, there is a systematic redshift of the PL peaks as one goes from sample A to C. This redshift confirms the increasing dot size observed in the AFM images. Finally, the PL linewidths ͑FWHM͒ of the ground-state transitions are 10.6 and 17.5 meV at 20 and 300 K, respectively. These are the smallest linewidths measured in InAs or InGaAs self-organized quantum dots, as compared to the linewidths of 14 meV at 10 K reported by Le Ru et al. 19 and 18.0 meV at 300 K reported by Yang et al. 20 Temperature-dependent PL data are shown in Figs. 5͑a͒ and 5͑b͒. The incident excitation intensity was held constant throughout the entire temperature range for these measurements. It is observed in Fig. 5͑a͒ that the nature and rate of decay of the integrated PL intensity are identical for the ground-and first excited-state transitions. Thermal quenching of photoluminescence intensity is generally attributed to the presence of nonradiative defects and deep-level traps. A fast decay indicates nonradiative transitions associated with deep ͑nonhydrogenic͒ levels, while a slow decay with increasing temperature reflects the normal thermal quenching due to shallow levels. In addition, nonradiative channels in the GaAs barriers may contribute to the quenching. The quenching behavior in our sample is very complex and cannot be modeled simply in terms of an Arrhenius plot.
The temperature dependence of the photoluminescence emission linewidth is plotted in Fig. 5͑b͒ . The entire data were recorded with an incident excitation intensity of 50 mW/ cm 2 and therefore the linewidth of 12.5 meV at 20 K is larger than 10.6 meV measured at the same temperature with an incident intensity of 1 mW/ cm 2 . There are several notable features in the data of Fig. 5͑b͒ . First, we do not observe the characteristic dip that is commonly observed in the temperature range of 100-200 K, depending on the dot heterostructure. 27, 28 This dip is generally attributed to carrier redistribution among the dots with an increase of temperature. 27, 28 At very low temperatures, photoexcited carriers are frozen randomly into the dot states in a nonequilibrium distribution. With increasing temperature, some of these carriers are thermally activated out of the dots and into the wetting layer and GaAs barrier and are transported by hopping conduction predominantly to the larger dots with lower emission energy ͑higher binding energy͒. Therefore, a decrease of the PL linewidth is generally observed at 300 K, compared to that at low temperatures, which is attributed to a lower sensitivity of the confinement energy to size fluctuation for larger quantum dots. Thus the second feature that is noteworthy in our data is that we observe a small and continuous increase in the linewidth as the temperature is increased. These features indicate that there is little or no carrier redistribution or transfer ͑including transfer to or from the dots in the seed layer͒ with increasing temperature and the size distribution amongst the dots in the active dot layer is very small. The increase in linewidth observed in the range of 20-300 K reflects thermal ͑phonon͒ broadening. We further studied the contribution of carrier-carrier scattering to the linewidth broadening. As shown in Fig. 5͑c͒ , with the increase of excitation intensity from 0.05 to 60 W / cm 2 at room temperature, the linewidth only shows a small increase, from 17.5 to 18.4 meV. This suggests that the homogeneous broadening of our QDs is primarily due to phonon scattering.
In order to verify the absence, or minimal occurrence, of carrier redistribution amongst the active dots with increasing temperature due to size variations, we have further examined the temperature-dependent PL data. Figure 6͑a͒ shows the temperature-dependent PL peak intensity for sample C. The trend of the data is similar to that of Fig. 5͑a͒ for the integrated PL intensity. A peaking in the intensity in the temperature range of 100-200 K, which is usually observed for InAs/ GaAs quantum dots, 27 and signifies carrier redistribution into larger dots, is again absent. Figure 6͑b͒ shows the plot of ⌬E QD with temperature, where ⌬E QD is the shift of the PL peak energy with temperature measured with respect to the peak energy at 20 K. The solid line along with the data is the variation of the band gap of InAs with temperature, calculated using the Varshni equation. 29 The agreement is excellent, which signifies that carrier redistribution due to size variation in dots is minimal, or absent. If there is a carrier transfer to larger dots due to size variations, a redshift of the luminescence peak larger than the decrease in the InAs band gap will be observed. 27 The difference between ⌬E InAs and ⌬E QD is similar to a Stokes shift, the difference between the PL peak and the absorption maximum. Therefore, there is overwhelming evidence that carrier redistribution in the bilayer dot system is negligible and this stems from the size uniformity of the dots in the active layer, also reflected by the narrow PL linewidths.
A fair question to ask is how the measured ensemble PL linewidths compare with those from single dots. It is known that at low temperatures ͑ഛ20 K͒, linewidths much smaller than 1 meV have been measured in the PL emission from single In͑Ga͒As/ GaAs quantum dots. [30] [31] [32] [33] Therefore, we conclude that our measured linewidth of 10.6 meV at 20 K in sample C is determined predominantly by inhomogeneous broadening, which includes heterostructure interface roughness. At 300 K, single-dot PL linewidths in the range of 12-17 meV, for interlevel spacing in the range of 30-45 meV, have been measured. 30 These linewidths are in agreement with the calculated homogeneous broadening due to LA-and LO-phonon scattering. In our dots, the energy difference between the ground and first excited electron states, determined by theory and experiment, is ϳ60 meV. 34 We have made microphotoluminescence measurements on sample C wherein the emission from five to seven quantum dots was probed through a 250-nm aperture in a gold film deposited on the sample. Linewidths of 13-15 meV are measured. Therefore, it is reasonable to assume that the measured linewidth of 17.5 meV at 300 K in sample C is primarily limited by homogeneous broadening.
V. CONCLUSION
In conclusion, we have optimized the molecular-beam epitaxial growth of InAs/ GaAs quantum dot bilayers, in which a layer of stressor dots is followed by a GaAs barrier layer and the layer of active dots. By tuning the growth parameters, we have obtained photoluminescence linewidths of 10.6 meV ͑ peak = 1.305 m͒ and 17.5 meV ͑ peak = 1.4 m͒. The analysis of the temperature-dependent photoluminescence data confirms that there is a very high degree of size uniformity amongst the dots in the active layer and there is no evidence of carrier redistribution with an increase of temperature. On comparison with the PL data for single quantum dots reported in the literature, it is evident that the linewidth of 17.5 meV measured at 300 K is limited by homogeneous broadening.
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